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Abstract Themain purpose of thiswork is to effectively implement the ε-constraintmethod for producing
Pareto optimal solutions for optimizing three objective functions, simultaneously, incorporating a Rotary
Hybrid Flow Controller (RHFC) as an energy flow controller. The RHFC is a hybrid compensator composed
of a Rotary Phase Shifting Transformer (RPST), a multimodule Thyristor-Switched Series Capacitor (TSSC),
a multimodule Thyristor-Switched Series Reactor (TSSR) and a Mechanically-switched Shunt Capacitor
(MSC). In this paper, a multi-objective Optimal Power Flow (OPF) is applied to optimally locate RHFC
to improve the power system operation. Fuzzy decision-making is utilized in terms of optimal location
processing, according to the best compromise among the Pareto optimal solutions. The optimal location
and OPF model are implemented in General Algebraic Modelling System (GAMS) software in order
to optimize total fuel cost, power loss and system loadability, as objective functions, simultaneously.
Simulations are performed on IEEE 30-bus and 118-bus test systems to determine optimal parameters
and the location of RHFC. Furthermore, in order to highlight the ability of RHFC, the results are compared
to a Phase Shifting Transformer (PST) and a Unified Power Flow Controller (UPFC) from economical and
technical points of view.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Due to increasing power flow control caused by flexible ac
transmission system (FACTS) controllers and, particularly, hy-
brid compensators, transmission systems can operate closer
to their capacity limits [1–3]. By using the optimal location of
FACTS controllers and distributed generation sources, it is pos-
sible to exert an excessive control of power flow which is an
essential operational requirement for an interconnected power
system [1,4,5]. Despite the complexity of ever-increasing power
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doi:10.1016/j.scient.2012.05.002systems and the many limits existent in expanding transmis-
sion lines, accomplishment of Optimal Power Flow (OPF) is es-
sential in order to optimally use the existing structures. OPF is
a Non-Linear Programming (NLP) problem that can be used for
optimized allocation assessment in order to determine the ob-
jective function to control power flow in specific lines, while
satisfying a set of physical and operational constraints im-
posed by equipment limitations and security requirements [6].
Although OPF makes an objective function optimal in the net-
work, it causes other objective functions to diverge from their
optimal value. Therefore, the main motivation of this paper is
to apply a multi-objective optimal power in order to optimize
three objective functions in admitting limits from their optimal
value. It is obvious that installation of FACTS devices increases
network controllability, but the existing conventional OPF al-
gorithms have to be modified, due to analyzing power sys-
tems for modern power industries with FACTS controllers [7].
Recently, several evolutionary algorithms have been developed
to solve OPF incorporating FACTS devices. In [8], the decom-
position method has been proposed to solve the OPF dispatch
evier B.V. Open access under CC BY-NC-ND license.
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representation of series compensators and phase shifters. How-
ever, this approach has not considered specified line flow con-
straints. Using Newton’s method for solving the OPF problem,
incorporating an advanced SVC model leads to highly robust it-
erative solutions in [9]. A new iterative strategy, based on Linear
Programming (LP), with a security constrained OPFmethod, has
been successfully applied to determine the three main types
of FACTS device parameter to control power flow in specific
lines [10]. These FACTS devices are: the Thyristor Controlled
Series Capacitor (TCSC), the Thyristor Controlled Phase Shifter
(TCPS), and the Unified Power Flow Controller (UPFC). In [11],
optimal settings of both TCSC and TCPS are obtained by hy-
brid Tabu Search and Simulated Annealing (TS/SA) to minimize
the generator fuel cost, which requires less CPU time than the
Genetic Algorithm (GA) presented by Chung and Li in [12].
Fuzzy Adaptive Particle Swarm Optimization (FAPSO) and
Multi-Objective Particle Swarm Optimization (MOPSO) have
been employed to optimize problems in power systems [13,14].
AGenetic Algorithm(GA) optimizationhas beenutilized to solve
the multi-objective problem, in order to obtain FACTS devices
cost reduction and active power loss reduction [15]. The optimal
placement of UPFC, based on an immune algorithm, has been
applied tominimize both the total generation cost function and
installation cost of UPFCs [16]. The power flow algorithm, with
the presence of TCSC and UPFC, has been solved in [17]. The
Rotary Hybrid Flow Controller (RHFC) as an energy flow con-
troller is one of the hybrid FACTS devices introduced in [18].
RHFC is formed on a combination of a Rotary Phase Shifting
Transformer (RPST), which is the main component of RHFC,
a multimodule Thyristor-Switched Series Capacitor (TSSC), a
multimodule Thyristor-Switched Series Reactor (TSSR) and a
conventional Mechanically-switched Shunt Capacitor (MSC).
While the MSC unit is useful for steady state conditions, RPST,
TSSC and TSSR affect both dynamic and steady state perfor-
mances of power systems.
The methods for solving multi-objective problems could be
classified into three categories: a priori methods, interactive
methods and a posteriori or generation methods [19]. The
methods are classified according to the phase at which the
decision maker is involved in the decision-making process,
expressing his/her preferences. In a priorimethods, the decision
maker expresses his/her preferences before the solution
process, which is very difficult for the decision maker. In the
interactive methods, phases of calculation are interchanged
with phases of dialogue with the decision maker, in order to
search the most preferred solution. In a posteriori methods,
the decisionmaker selects his/hermost preferred solution from
among the generation of efficient solutions.
Here, we will focus on a posteriori case in which both
the weighting method and the ε-constraint method are the
most widely used approaches. In the weighting method, the
weighted sum of the objective function is optimized, and in
the ε-constraint method, one of the objective functions is
optimized while the other objective functions are used as
constraints [19].
As there is more than one objective function in multi-
objective programming, there is no single optimal solution for
optimization of all objective functions, simultaneously. Hence,
the fuzzy decision maker is looking for the ‘‘most preferred’’
solution among the efficient solutions. In these conditions,
the concept of an optimality solution is replaced by a Pareto
optimality solution that cannot be improved in one objective
function without deteriorating the performance in, at least, oneof the rest [19]. In addition, a posteriori method gives thewhole
Pareto set to the decision maker before his/her final selection.
The main contribution of this paper is to effectively imple-
ment the ε-constraint method for producing Pareto optimal
solutions for optimization of all objective functions, simultane-
ously. To the best of our knowledge, no research work has been
developed on multi-objective optimal location of RHFC. In this
work, a General Algebraic Modelling System (GAMS) is used to
solve the optimal model, and Matlab is used to feed parame-
ters to the GAMS routine [20]. Simulation results are presented
for 30 and 118-bus test systems. Also, in order to demonstrate
the ability of RHFC, the results are compared to those of the
Phase Shifting Transformer (PST) and the Unified Power Flow
Controller (UPFC) fromeconomical and technical points of view.
This paper is organized as follows. In Section 2, the math-
ematical modeling of FACTS devices is explained based on the
power injection model. Section 3 contains the problem formu-
lation of OPF, including variables, objective functions and con-
straints. Section 4 describes the ε-constraint method, which is
utilized inmulti-objectivemathematical programming. The op-
timal location of RHFC, PST, and UPFC, based onmulti-objective
OPF for different IEEE standard test systems, are reported in
Section 5. Finally, Section 6 describes the conclusions.
2. Modeling of FACTS controllers
2.1. Modeling of RHFC
The RHFC is constructed from a RPST, a multimodule TSSC, a
multimodule TSSR and a conventional MSC. A model of RHFC is
shown in Figure 1, where it is installed between buses i and j in
a transmission line.
RPST is the main component of RHFC, which provides sec-
ondary three phase voltages on the rotor, and whose mod-
ule is proportional to that of the primary stator voltages. The
schematics of stator and rotor windings of RPST and the phase
shifting angle of rotor windings, which is shifted by angle α,
with respect to stator windings, have been shown in Figure 2.
The basic function of RPST is to provide a continuous and rapid
control of RHFC in both static and dynamic conditions. Also,
the series transformer injects a controlled voltage in series with
the transmission line, and the shunt transformer provides input
voltage to the RPST. In addition, for adjusting the line series re-
actance and preventing overflow, TSSC and TSSR are augmented
with RPST to form an RHFC.
According to Figure 1, a conventionalmechanically-switched
shunt capacitor (MSC) is used for reactive power compensation.
With reference to Figure 3, the steady state condition of RHFC
is presented by the following equations:
PSS = |Vi| |Vj|Xij
−(1+ k cosβ) sin(θi − θj)
− k sinβ cos(θi − θj)
+ |Vi| |Vj|
XB
sin(θi − θj), (1)
QSS = |Vi|Xij
|Vj|(1+ k cosβ) cos(θi − θj)
− k sinβ|Vj| sin(θi − θj)− |Vi|(1+ 2k cosβ + k2)

+ |Vi|
XB
|Vi| − |Vj| cos(θi − θj) , (2)
PSR = −PSS, (3)
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Figure 2: Stator and rotor windings of RPST.
Figure 3: Power injection model of RHFC.
QSR = |Vj|Xij
|Vi|(1+ k cosβ) cos(θi − θj)
− k sinβ|Vi| sin(θi − θj)− |Vj|

+ |Vj|
XB
|Vj| − |Vi| cos(θi − θj)+ |Vj|2XMSC , (4)
where:
Xij = Xse + Xshk
2
T 2sh
+ XrtT 2se + KLXL − KCXC + Xline,
k = TshTrtTse,
β = γ + σ + α,
XB = Xse + Xline,
α and Trt are the RPST phase angle and transfer ratio between
rotor windings and stator windings, respectively; σ and Tse are
the RPST angle and transfer ratio between the primary and
secondary voltage of the series transformer, respectively; γ and
Tsh are the phase shifting angle and transfer ratio between high
and low voltages of the shunt transformer, respectively; Xline is
the transmission line reactance; Xse is the series transformer
leakage reactance; and coefficients KL and KC determine the
amount of XC and XL in service. The power injection model of
Figure 3 is a generalmodel that can be used for any shunt-series
controllers [18].Figure 4: Schematic diagram of PST.
2.2. Modeling of PST
The basic schematic of PST is shown in Figure 4, which has
been in existence formany years. PST includes two injecting and
exciting transformers and mechanical switches. The PST con-
nected to secondary windings of series and shunt transformers
injects a voltagewith a fixed phase to the transmission network
controlled by mechanical switches. Although the technology is
relatively old, the PST proves to be a valuable means of control.
The power injection model of Figure 3 can also be used for
the PST model, where:
Pss = −bskViVj sin(θi − θj + σ), (5)
Qss = −bskV 2i (k+ 2 cos(σ ))+ bskViVj cos(θi − θj + σ), (6)
Psr = −Pss, (7)
Qsr = bskViVj cos(θi − θj + σ). (8)
Here, k is the transfer ratio of PST; σ is the PST phase angle;
and bs is 1/(Xline+Xse). In this study, the transfer ratio of PST, k,
is equal to tan(σ ) as a quadrature booster.
2.3. Modeling of UPFC
The schematic diagram of UPFC, which is capable of provid-
ing active and reactive power control and voltage magnitude
control, is presented in Figure 5. The modeling of UPFC is sum-
marized with reference to the power injection model, where:
Pss = −bsrViVj sin(θi − θj + γ ), (9)
Qss = −bsrV 2i (r + 2 cos(γ ))+ bsrViVj cos(θi − θj + γ ), (10)
Psr = −Pss, (11)
Qsr = +bsrViVj cos(θi − θj + γ ). (12)
Here, r is the radius of the UPFC operating region and γ is
the UPFC phase angle.
3. Problem formulation
Optimal power system operation seeks to optimize the
steady state performance of a power system, in terms of
one or more objective functions, while satisfying several
constraints. In the present text work, three objective functions
including system loadability, total fuel cost and power losses
are optimized simultaneously. The main purpose of selecting
multi-objective functions is to demonstrate the effective
performance of RHFC and improve the power system operation.
In the OPF problem, we encounter the control and dependent
variables. Therefore, in the following, the objective functions
and constraints are explained in detail.
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3.1. Objective functions
3.1.1. The total fuel cost
The most popular objective function is the total fuel cost. If
we suppose the thermal generation unit costs to be a quadratic
polynomial, the objective function to be minimized can be
stated as follows:
F1 =
NG
i=1
ai + biPGi + ciP2Gi($/h), (13)
where PGi is the active power output of the i-th generator; NG
is the total number of generators; and ai, bi, ci are the fuel cost
coefficients of the i-th generator [3].
3.1.2. The real power losses
Considering power losses, it is useful to show the capability
of the RHFC in reducing active power losses, which can be
expressed as:
F2 = PLoss(x, y) =
Nl
l=1
Pl, (14)
where Pl are the real power losses at line-l and Nl is the number
of transmission lines [21,22].
3.1.3. The system loadability
The loadability of a network, namely its ability to transmit
power, is, in its most general form, a very complex quantity to
model and to compute. The objective function can be defined
by maximizing:
F3 = ρ(x, y), (15)
where ρ can be obtained by assuming a constant power factor
at each load in both real and reactive power balance equations
as follows:
PG − ρPD = fp(x, y), (16)
QG − ρQD = fq(x, y), (17)
where PG and QG are the vectors of the generators real and
reactive power, respectively; PD and QD are the vectors of
the loads real and reactive power, respectively; and fp and
fq are the vectors of real and reactive power flow equations,
respectively [22]. All parameters are vectors that can be
explained as matrices, with one column.3.2. Problem constraints
3.2.1. Equality constraints
The power flow equations corresponding to both real and
reactive powers must be satisfied, as defined in the following:
PGi − PDi − fPi(x, u) = 0, (18)
QGi − QDi − fQi(x, u) = 0. (19)
Here, fPi and fQi are the real and reactive power flow
equations at bus-i, where the FACTS controller parameters are
considered; PGi and QGi are the generator real and reactive
power at bus-i, respectively; and PDi and QDi are the load real
and reactive power, at bus-i, respectively.
3.2.2. Inequality constraints
These constraints are related to upper and lower limits of
each variable, whichmust be satisfied. These constraints can be
described mathematically as:
PminGi ≤ PGi ≤ PmaxGi , i = 1, . . . ,NG, (20)
QminGi ≤ QGi ≤ QmaxGi , i = 1, . . . ,NG, (21)
Vmini ≤ Vi ≤ Vmaxi , i = 1, . . . ,N, (22)
SLi ≤ SmaxLi , i = 1, . . . ,Nl, (23)
kmin ≤ k ≤ kmax
−π ≤ β ≤ π
0 ≤ KC ≤ KmaxC
0 ≤ KL ≤ KmaxL
0 ≤ Km ≤ Kmaxm

for RHFC, (24)
σmin ≤ σ ≤ σmax for PST, (25)
rmin ≤ r ≤ rmax
γmin ≤ γ ≤ γmax

for UPFC, (26)
where N is the number of buses.
3.3. Problem statement
Aggregating the objectives and constraints [23,24], the
problem can be formulated as a constrained multi-objective
optimization problem as:
minimize F1
minimize F2
maximize F3
subject to : g(x, u) = 0
h(x, u) ≤ 0
(27)
where g(x, u) is the set of equality constraints, which are
usually the power flow constraints for a specified operating
condition, and h(x, u) is the set of inequality constraints
representing the operating limits of the power system.
The above multi-objective optimization problem can be
solved as a single-objective optimization problem, while the
other objective functions are constraints using the ε-constraint
method, as explained in the next section.
4. Multi-objective mathematical programming
A frequently used technique based on ε-constraint strat-
egy is suggested to solve Multi-objective Mathematical Pro-
gramming (MMP) problems that have more than one objective
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multaneously optimizes all the objective functions. In contrast
to the optimal solution, the rational decision maker is looking
for the ‘‘most preferred’’ solution among other optimal solu-
tions. The mentioned solution is not singly optimal and is not
able to improve one objective function without deteriorating
performance. Meanwhile, there is no optimal solution for opti-
mizing several objective functions, simultaneously. The present
work is an effort to deduce both fuzzy decision-making and
ε-constraint methods for selecting the most preferred solution
as follows.
4.1. The ε-constraint method
Since different strategies are used as constraints, the
ε-constraint method is applied for optimizing one objective
function [25]:
min F1,k(x), (28)
subject to F2,k(x) ≤ e2,k, F3,k(x) ≤ e3,k · · · Fp,k(x) ≤ ep,k
k stands for the number of transmission lines, including FACTS
devices, and p indicates the number of objective functions. For
the range of each objective function determined by using the
payoff table, at least p − 1 objective functions are considered
in order to handle this method. The construction of the payoff
table is formed by calculating the individual optima of the
objective functions. The optimum value of the i-th objective
function in the presence of the FACTS device is shown by
F∗i,k, and the value of other objective functions is indicated by
F i,k1 , . . . , F
i,k
i−1, F
i,k
i+1, . . . , F i,kp .
All rows of the payoff table are carried out by computing
F i1,k, . . . , F
i
i−1,k, F
∗
i,k, F
i
i+1,k, . . . , F
i
p,k.
The compromised values of the j-th column of the payoff
table are used in order to obtain the total (qj + 1) grid
points for the j-th objective function. The range of the
j-th objective function is obtained among minimum and
maximum values of the j-th objective function. In addition,
the deviation of the objective function to qj intervals using
(qj − 1) intermediate equidistant grid points gives (q2 + 1) ×
(q3 + 1) × · · · × (qp + 1), which are the total number of
optimization subproblems on each transmission line. As the
number of grid points to the denser representation increases,
the values of qi will be helpful in controlling the density of
the Pareto optimal set representation. Also, the cost of higher
computational time should be noted. In this paper, 4 intervals
are the best selection for the objective function. Also, a trade-
off between computation time and the Pareto optimal set
cannot be ignored [19]. Three objective functions, F1, F2 and
F3, described in Eqs. (13)–(15), respectively, are considered
regarding their relationship with power system operation and
itsMMPproblem. Therefore, the optimization subproblemswill
take the following form:
min F1,k(x), (29)
subject to F2,k(x) ≤ e2,i,kF3,k(x) ≥ e3,j,k
e2,i,k = max(F2,k)−

max(F2,k)−min(F2,k)
q2

× i
i = 0, 1, . . . , q2, (30)
e3,j,k = min(F3,k)+

max(F3,k)−min(F3,k)
q3

× j
j = 0, 1, . . . , q3, (31)
where max(.) and min(.) represent maximum and minimumvalues of the individual objective function, respectively, while
replacing FACTS device on the k-th transmission line. NLP and
MINLP are the common solution for optimization subproblems
applied by the mentioned constraints of the MMP problem to
obtain optimal solutions.
4.2. The fuzzy decision-making tool
Due to the Pareto optimal solutions, the optimization sub-
problems are solved. It should be noted that the Pareto opti-
mal solutions are obtained after placing the FACTS controller
on each transmission line of the power system. According to
the best compromise among the Pareto optimal solutions, the
optimal location of the FACTS controller are chosen by the
decision-maker. In this paper, the goal of utilization of fuzzy
decision-making is the optimal location process in which a lin-
ear membership function (µi) for minimized objective func-
tions is expressed as follows:
µni,k
i=1, 2
=

1 F ni,k ≤ min(Fi)
max(Fi)− F ni,k
max(Fi)−min(Fi) min(Fi) ≤ F
n
i,k ≤ max(Fi)
0 F ni,k ≥ max(Fi).
(32)
And, for a maximized objective function, it is expressed as:
µni,k
i=3
=

0 F ni,k ≤ min(Fi)
F ni,k −min(Fi)
max(Fi)−min(Fi) min(Fi) ≤ F
n
i,k ≤ max(Fi)
1 F ni,k ≥ max(Fi)
(33)
where F ni,k and µ
n
i,k are the value of the i-th objective function
for both minimized and maximized objective functions in the
n-th Pareto optimal solution of the k-th transmission line,which
includes the FACTS controller and its membership function. In
terms of evaluating the optimal degree of the Pareto optimal
solutions, membership functions are used. The most preferred
degree of the Pareto optimal solutions can be defined as
follows [26]:
µopt = Nlmax
k=1
supn∈k
p
i=1
wi · µni,k
M
n=1
p
i=1
wi · µni,k
 , (34)
where:
wi ≥ 0,
p
i=1
wi = 1. (35)
Here, wi is the weight value of the i-th objective function
and M is the number of Pareto optimal solutions for each
transmission line, including the FACTS controller. For a large
value of wi, it is possible to favor Fi over other objective
functions. Based on the importance of economical and technical
aspects, the weight values, wi, can be selected by the power
system dispatcher. Therefore, as the best Pareto optimal
solution, the optimal location and settings of the FACTS
controller are obtained by the proposed algorithm, based on the
adopted weight factors.
5. Case studies
The optimal location of RHFC and its settings to minimize
power losses and total fuel cost and maximize system
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Objective
function
Parameters Without
FACTS
PST RHFC UPFC
F1
Total fuel cost ($/h) 802.252 800.54 801.846 790.83
ΣPloss (MW) 9.4471 8.968 9.3281 6.362
ΣQloss (MVAr) 37.7895 36.019 37.6197 25.715
Loadability index 1.00 1.00 1.00 1.00
FACTS size (MVA) – 54.56 11.221 102.56
FACTS location – Lines 2–5 Lines 22–24 Lines 2–5
FACTS settings – σ = 6.221 KC = 7, k = 0.02039, Km = 0, KL = 0, β = 42.473 r = 0.204, γ = 85.175
F2
ΣPloss (MW) 3.2907 3.040 3.1680 2.031
Total fuel cost ($/h) 968.118 967.52 967.824 965.117
ΣQloss (MVAr) 16.2458 15.535 16.0948 11.668
Loadability index 1.00 1.00 1.00 1.00
FACTS size (MVA) – 53.10 13.848 69.38
FACTS location – Lines 2–5 Lines 10–20 Lines 2–5
FACTS settings – σ = 6.032 KC = 0, k = 0.0305, Km = 0, KL = 3, β = 60.779 r = 0.137, γ = 66.120
F3
Loadability index 1.402 1.454 1.482 1.437
Total fuel cost ($/h) 1319.40 1377.12 1404.71 1355.31
ΣPloss (MW) 12.532 14.840 14.767 13.410
ΣQloss (MVAr) 51.846 61.062 60.789 56.247
FACTS size (MVA) – 13.31 11.642 6.65
FACTS location – Lines 24–25 Lines 22–24 Lines 27–30
FACTS settings – σ = 3.579 KC = 0, k = 0.02617, Km = 1, KL = 3, β = 145.87 r = 0.056, γ = 97.875loadability as objective functions, using MINLP and NLP as the
solution procedure, are discussed below. The optimal location
of the FACTS device based on the multi-objective OPF problem
is implemented in GAMS. The MINLP and NLP problems are
solved using DICOPT and CONOPT solvers, respectively. The
determination of the optimal location of RHFC, PST and UPFC
devices is applied to the modified IEEE 30-bus and 118-bus test
systems. The OPF results before and after installing the RHFC,
and a comparison of RHFC power flow control characteristics
with those of the UPFC and a conventional PST are prepared as
follows.
5.1. IEEE 30-bus test system
RHFC is used to control power systemoperation indices in an
IEEE 30-bus system [27]. Simulations are carried out for three
objective functions, separately and simultaneously, in Tables 1
and 2, respectively. The results show the capability of the RHFC
to control power flow and improve the operating conditions of
the power system. Total active and reactive power demands are
259 MW and 73.5 MVAr, respectively.
In Table 1, the PST, RHFC and UPFC in each branch are
situated and the best solutions of objective functions are found.
OPF results, before and after installing the FACTS controllers,
and their optimal location and settings, are also presented. The
results in Table 1 show that utilizing a UPFC causes better
performance than that of other FACTS controllers in total fuel
cost and power loss objective functions. The RHFC gives the best
performance for the system loadability objective function.
The simulation results formulti-objective optimization have
been shown in Table 2. In Case 1, with the optimal placement of
RHFC on lines 10–20, both total fuel cost and power losses are
simultaneously minimized, more than in other FACTS devices,
while a considerable reduction in the reactive power of UPFC is
observed compared to that of RHFC and PST.
In addition, as shown in Table 2, the system loadability
objective function is maximized by placing RHFC at optimal
locations in all cases, compared to other FACTS devices. In Case
4, the influence of the optimal location of UPFC on lines 2–5
is on minimizing total fuel cost and power losses, as well asreducing reactive power. It should be noted that internal losses
are ignored in UPFC.
5.2. IEEE 118-bus test system
An IEEE 118-bus system [27] is used to examine the inte-
grated scheme of OPF with RHFC and other FACTS controllers.
Their optimal settings and best locations for three mentioned
objective functions are shown in Tables 3 and 4. Total active and
reactive power demands are 4242MW and 1438MVAr, respec-
tively.
If the total fuel cost is chosen as an objective function, the
results in Table 3 show that the performance of UPFC is better
than that of other FACTS controllers, although its reactive power
losses are larger than those of RHFC. In the minimization of
power losses, the simulation results present the same results
as total fuel cost and active and reactive power losses in
the performance of RHFC and UPFC. According to Table 3,
simulations for maximization of system loadability show the
same result for the loadability index for RHFC and UPFC. It is
obvious that RHFC offers all technical features of the UPFC.
The simulation results for optimizing two and three objec-
tive functions simultaneously are explained in Table 4. In Case
1, it is observed that only in the case of RHFC do both total fuel
cost and power losses become minimized simultaneously. The
minimum size of FACTS devices belongs also to RHFC. As ob-
served in Case 2, the results of UPFC are better than those of
RHFC and PST in the total fuel cost and power losses objective
functions,while the RHFC gives the best performance in the sys-
tem loadability objective function. In spite of the power losses
objective function in Case 3, RHFCmakes a larger improvement
in the system loadability objective function than other FACTS
controllers. According to Case 3, the results of UPFC are more
suitable than those of RHFC, although its loadability index is
smaller than RHFC.
6. Conclusions
Power flow control through the network is an essential
operational requirement. Multi-objective mathematical pro-
gramming is utilized in order to involve objective functions,
using the ε-constraint method, for generating Pareto optimal
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Case Parameters Without
FACTS
PST RHFC UPFC
Case 1
(F1&F2)
Total fuel cost ($/h) 839.03 868.35 827.264 845.63
ΣPloss (MW) 5.448 4.223 5.798 2.897
ΣQloss (MVAr) 24.050 19.372 384.983 14.250
Loadability index 1.00 1.00 1.00 1.00
FACTS size (MVA) – 52.94 14.048 76.02
FACTS location – Lines 2–5 Lines 10–20 Lines 2–5
FACTS settings – σ = 5.993 k = 0.030, β = 60.658, KL = 0.00, KC = 0.00, Km = 0.00 r = 0.150, γ = 89.225
Case 2
(F1&F3)
Total fuel cost ($/h) 1042.53 901.81 1214.78 966.47
Loadability index 1.221 1.094 1.359 1.154
ΣPloss (MW) 12.933 10.982 893.876 11.855
ΣQloss (MVAr) 52.914 44.003 14.639 47.681
FACTS size (MVA) – 8.00 5.286 19.94
FACTS location – Lines 6–8 Lines 27–30 Lines 4–6
FACTS settings – σ = −0.232 k = 0.147, β = −179.994, KL = 0.00, KC = 7.00, Km = 1.00 r = 0.010, γ = 92.880
Case 3
(F2&F3)
ΣPloss (MW) 6.789 6.211 10.758 7.412
Loadability index 1.200 1.170 1.362 1.240
Total fuel cost ($/h) 1126.16 1100.26 1276.433 1160.17
ΣQloss (MVAr) 30.039 27.374 695.159 32.661
FACTS size (MVA) – 0.32 9.109 8.97
FACTS location – Lines 24–25 Lines 22–24 Lines 27–30
FACTS settings – σ = 0.081 k = 0.0152, β = −179.994, KL = 0.00, KC = 7.00, Km = 1.00 r = 0.069, γ = 78.230
Case 4
(F1&F2&F3)
Total fuel cost ($/h) 996.12 1137.69 1244.899 1083.77
ΣPloss (MW) 8.822 7.403 14.454 6.162
Loadability index 1.160 1.227 1.380 1.228
ΣQloss (MVAr) 36.867 31.902 881.649 27.058
FACTS size (MVA) – 42.43 5.238 59.47
FACTS location – Lines 2–5 Lines 27–30 Lines 2–5
FACTS settings – σ = 4.827 k = 0.144, β = −179.994, KL = 0.00, KC = 7.00, Km = 1.00 r = 0.119, γ = 86.778Table 3: Results of single objective optimization in IEEE 118-bus system.
Objective
function
Parameters Without
FACTS
PST RHFC UPFC
F1
Total fuel cost ($/h) 129660.997 129467.56 129395.973 129346.92
ΣPloss (MW) 77.4079 73.2224 71.4080 70.504
ΣQloss (MVAr) 507.2500 479.4020 469.2732 480.755
Loadability index 1.00 1.00 1.00 1.00
FACTS size (MVA) – 200 145.864 200
FACTS location – Lines 25–27 Lines 25–27 Lines 69–75
FACTS settings – σ = 17.5429 KC = 7, k = 0.2282, Km = 0, KL = 0, β = 81.342 r = 0.253, γ = 82.301
F2
ΣPloss (MW) 9.2476 8.9374 7.8019 7.801
Total fuel cost ($/h) 166390.383 165970.68 166554.076 166554.06
ΣQloss (MVAr) 69.3829 68.6637 64.0764 64.074
Loadability index 1.00 1.00 1.00 1.00
FACTS size (MVA) – 189.57 157.182 136.58
FACTS location – Lines 89–90 Lines 80–96 Lines 80–96
FACTS settings – σ = −19.4036 KC = 7, k = 0.3805, Km = 0, KL = 0, β = 76.358 r = 0.237, γ = 76.373
F3
Loadability index 2.0385 2.2836 2.2844 2.2844
Total fuel cost ($/h) 347709.059 417113.21 417113.206 417113.21
ΣPloss (MW) 205.1381 278.9912 275.9037 275.688
ΣQloss (MVAr) 1165.5570 1556.1691 1543.6369 1543.099
FACTS size (MVA) – 200 200 200
FACTS location – Lines 69–75 Lines 69–75 Lines 69–75
FACTS settings – σ = 14.2752 KC = 7, k = 0.1309, Km = 2, KL = 0, β = 62.614 r = 0.260, γ = 54.608solutions, incorporating the RHFC and two other FACTS con-
trollers, including PST and UPFC. According to the adopted
weight factors, the most preferred compromise solution is se-
lected from among the Pareto optimal solutions using the fuzzy
decision-making process in each case study. The optimization
problemswere carried out on three objective functions, namely,
total fuel cost, power losses and system loadability. Further-
more, the optimization model is performed on IEEE 30 and118-
bus test systems, using NLP and MINLP as solution procedures,
in a GAMS software environment. The various results shown inthe tables compare the scenario without FACTS and with RHFC,
PST and UPFC for the test systems.
Simulation results show that RHFC is able to control power
flow effectively, and offer additional opportunities for the im-
provement of power system operation from economical and
technical points of view. Furthermore, some characteristics,
such as fast response andwidespread control range, incorporat-
ing themulti-objective optimal location of RHFC, can be consid-
ered as the main advantages.
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Case Parameters Without
FACTS
PST RHFC UPFC
Case 1
(F1&F2)
Total fuel cost ($/h) 134197.355 135478.78 134085.409 131916.37
ΣPloss (MW) 29.2948 22.0424 29.607 31.478
ΣQloss (MVAr) 204.617 162.913 2770.717 234.482
Loadability index 1.00 1.00 1.00 1.00
FACTS size (MVA) – 200 37.57 138.54
FACTS location – Lines 25–27 Lines 1–2 Lines 89–90
FACTS settings – σ = 17.628 k = 0.051, β = −179.99, KL = 2.00, KC = 7.00, Km = 2.00 r = 0.139, γ = 87.692
Case 2
(F1&F3)
Total fuel cost ($/h) 276425.255 259036.43 231515.331 198885.91
Loadability index 1.8308 1.7373 1.587 1.403
ΣPloss (MW) 146.2734 126.4205 98.522 81.513
ΣQloss (MVAr) 854.5147 754.3217 2460.693 538.949
FACTS size (MVA) – 71.34 189.660 200.00
FACTS location – Lines 77–80 Lines 69–75 Lines 69–75
FACTS settings – σ = −4.4414 k = 0.229, β = 85.936, KL = 0.00, KC = 7.00, Km = 2.00 r = 0.253, γ = 75.732
Case 3
(F2&F3)
ΣPloss (MW) 82.4453 69.3179 114.034 60.608
Loadability index 1.796 1.7299 1.963 1.706
Total fuel cost ($/h) 300656.625 294909.09 329653.888 290373.58
ΣQloss (MVAr) 457.1453 404.8569 9634.543 365.321
FACTS size (MVA) – 27.85 196.895 130.52
FACTS location – Lines 88–89 Lines 69–75 Lines 69–75
FACTS settings – σ = −1.1588 k = 0.209, β = 77.185, KL = 0.00, KC = 7.00, Km = 2.00 r = 0.167, γ = 65.946
Case 4
(F1&F2&F3)
Total fuel cost ($/h) 201216.679 253202.12 218525.064 200993.91
ΣPloss (MW) 87.8151 118.5713 95.724 82.741
Loadability index 1.415 1.7060 1.513 1.415
ΣQloss (MVAr) 566.3427 718.5768 5191.487 531.802
FACTS size (MVA) – 161.45 80.192 171.21
FACTS location – Lines 69–75 Lines 70–74 Lines 26–30
FACTS settings – σ = 11.510 k = 0.113, β = 95.134, KL = 0.00, KC = 0.00, Km = 2.00 r = 0.138, γ = 85.917Appendix
A.1. RHFC data
Trt = 25/25, Xrt = 0.04 p.u., Xse = 0.007 p.u.,
Xsh = 0.001 p.u.,
Tsh = 25/VBUS, 0 ≤ Tse ≤ (0.5× VBUS/25)
(VBUS is the voltage magnitude of
bus that RHFC is located),
XC = 0.0076 p.u., XL = 0.0038 p.u.,
YMSC = 0.25 p.u.,
0 ≤ KC ≤ 7, 0 ≤ KL ≤ 3, 0 ≤ Km ≤ 2,
Sbase = 100 MVA.
A.2. PST data
−20° ≤ σ ≤ 20°, XB = 0.007 p.u., XE = 0.001 p.u.,
k = tan σ (quadrature booster), Sbase = 100 MVA.
A.3. UPFC data
0 ≤ r ≤ 1, XB = 0.007 p.u., XE = 0.001 p.u.,
−π ≤ γ ≤ π, Sbase = 100 MVA.
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